Previous neuroimaging studies of gyrification, a possible marker of early neurodevelopment, in schizophrenia patients have reported inconsistent results. In addition, it remains unclear whether aberrant gyrification in schizophrenia patients, if present, is associated with cognitive impairment, which is one of the core features of schizophrenia. Magnetic resonance images were obtained from 62 patients with first-episode schizophrenia and 57 healthy control subjects. Using FreeSurfer software, local gyrification index (LGI) of the entire cortex was compared between the groups. The relationship between LGI and performance in the Wisconsin Card Sorting Test (WCST) was also examined in a subgroup of patients (n = 28). Compared with the controls, the patients showed a significantly higher LGI in a wide range of bilateral frontal regions as well as in the right inferior parietal and bilateral occipital regions. The number of WCST categories archived in patients was negatively correlated with the LGI mainly in the rostral middle frontal and anterior cingulate regions in the right hemisphere. Our findings suggested a widespread hypergyrification pattern in schizophrenia patients, which supported early neurodevelopmental abnormalities. Our results also suggested that executive dysfunction in schizophrenia patients may be at least partly related to aberrant neurodevelopment, especially in the right frontal regions.
Introduction
The neurodevelopmental model of schizophrenia, which posits that the illness is associated with abnormal neurodevelopmental processes that started years before the onset of illness, has been widely accepted in the literature (Weinberger 1987; Insel 2010 ). Brain gyrification is a potential marker of early neurodevelopment, because cortical folding occurs predominantly in the late second to third trimesters of pregnancy and its pattern remains rather stable after birth (Armstrong et al. 1995; Zilles et al. 2013) . The functional relevance of cortical folding has not been well documented, but frontal gyrification may be related to cognitive function in healthy adults (Gautam et al. 2015) as well as in schizophrenia patients (Nakamura et al. 2007) . Investigating changes in the gyrification pattern and its relationship to core clinical features in schizophrenia patients might be useful for understanding the temporal and spatial characteristics of neurodevelopmental pathology as well as its functional significance.
Previous magnetic resonance imaging (MRI) studies of gyrification in schizophrenia patients have reported conflicting results [reviewed by Harris et al. (2007) ; White and Hilgetag (2011) ; Nanda et al. (2014) ], with the patients having hyper- (Vogeley et al. 2000 (Vogeley et al. , 2001 Schultz et al. 2013 ), hypo- (Kulynych et al. 1997; Sallet et al. 2003; Nesvag et al. 2014; Palaniyappan and Liddle 2014) , or normal gyrification (Haukvik et al. 2012; Ronan et al. 2012) . These inconsistencies could be partly explained by several confounding factors, such as illness chronicity and medication, because these could significantly affect brain morphology in schizophrenia (Tomelleri et al. 2009 ). However, the findings in first-episode schizophrenia patients have also been inconsistent; some studies reported frontal (Narr et al. 2004; Tepest et al. 2013) , temporal (Harris et al. 2004; Schultz et al. 2010) , and parietal (Tepest et al. 2013 ) hypergyria, whereas others did not find aberrant gyrification (Wiegand et al. 2005; Janssen et al. 2009; Bartholomeusz et al. 2013) . Methodological issues are another important consideration, because most previous studies have only examined specific brain regions. Interestingly, Sallet et al. (2003) found hypergyria in a circumscribed right prefrontal region even in chronic schizophrenia patients with a diverse hypogyria pattern, suggesting a regional specificity of abnormal gyrification in schizophrenia. More recently, Schultz et al. (2010) used a sophisticated curvature-based approach to investigate local gyrification changes in the whole cortex and found increased parahippocampal and lingual gyrification in first-episode schizophrenia patients. These gyrification patterns did not correlate with symptomatology in first-episode patients (Wiegand et al. 2005; Schultz et al. 2010) , whereas a specific orbitofrontal sulcogyral pattern was associated with severe clinical symptoms and poor cognitive performance in chronic schizophrenia (Nakamura et al. 2007 ). Thus, further entire cortex analyses are required to clarify the characteristics of gyrification pattern, such as regionspecific relationships with clinical features, in schizophrenia patients, ideally in the first-episode cohort.
Deficit in executive functions, which potentially reflects prefrontal abnormalities (Goldman-Rakic and Selemon 1997) , is one of the most prominent cognitive features of schizophrenia (Raffard and Bayard 2012) , but its exact neural substrates remain elusive. In particular, neurocognitive studies using the Wisconsin Card Sorting Test (WCST), which assesses perseveration and abstract reasoning (Nelson 1976) , have demonstrated moderate to severe executive impairment in both first-episode and chronic schizophrenia patients (Laws 1999; Ilonen et al. 2000) . Although not consistently replicated, previous neuroimaging studies in schizophrenia patients have implicated that WCST performance deficits are at least partly attributable to gray matter reduction (Rusch et al. 2007) , hypofunction (Ragland et al. 2007) , and dysconnectivity Quan et al. 2013) predominantly in the frontal regions. The possibility exists that frontal gyrification is also related to executive function in schizophrenia patients, because cortical folding patterns may reflect regional variations in axonal connectivity (Van Essen 1997) . However, a previous MRI study investigating such a possibility reported no significant findings in chronic schizophrenia patients (McIntosh et al. 2009 ). To the best of our knowledge, no MRI studies have examined the relationship between the gyrification of the entire cortex and executive function (e.g., WCST scores) in first-episode schizophrenia patients.
In this study, we aimed to investigate the gyrification of the entire cortex in patients with first-episode schizophrenia and healthy controls using the local gyrification index (LGI), which has methodological advantages over other methods by taking into account the inherent three-dimensional nature of the cortical surface (Schaer et al. 2008) . We also investigated the relationship between the LGI and clinical characteristics, including performance in the WCST, in the schizophrenia patients. On the basis of previous MRI findings in first-episode schizophrenia (Schultz et al. 2010; Tepest et al. 2013 ), as well as a possible relationship between cortical gyrification development, especially in frontal regions, and cognitive function (Fornito et al. 2006; Nakamura et al. 2007 ), we predicted that schizophrenia patients would exhibit hypergyrification and that the LGI in the frontal regions would be related to WCST scores in schizophrenia patients.
Materials and Methods

Participants
Sixty-two patients with first-episode schizophrenia who fulfilled the ICD-10 research criteria (World Health Organization 1993) were recruited from inpatient and outpatient clinics of the Department of Neuropsychiatry of Toyama University Hospital. They were defined as patients experiencing their first episode of schizophrenia, whose illness onset was within 1 year, or those undergoing their first psychiatric hospitalization at the time of scanning. The diagnosis of schizophrenia was confirmed for all patients at least 6 months after the illness onset based on the information obtained from a detailed chart review. Their clinical symptoms were rated at the time of scanning using the Scale for the Assessment of Positive and Negative Symptoms (SANS/SAPS; Andreasen 1984) . Medication and other clinical data are summarized in Table 1 . Some patients were also receiving mood stabilizers [lithium carbonate (n = 1), sodium valproate (n = 1), or carbamazepine (n = 2)] at the time of scanning.
The control subjects consisted of 57 healthy volunteers who were recruited from the community, hospital staff, and university students. They answered a questionnaire consisting of 15 items concerning their personal (13 items; e.g., history of obstetric complications, substantial head injury, seizures, neurological or psychiatric diseases, impaired thyroid function hypertension, diabetes, and substance use) and family (2 items) histories of illness. They did not have any personal or family history of psychiatric illness among their first-degree relatives.
All subjects were right-handed and physically healthy, and none had a history of serious head trauma, neurological illness, substance abuse disorder, or serious medical disease. All participants were also screened for gross brain abnormalities by neuroradiologists. Twenty-four of the 62 patients in this study were also included in our preliminary gyrification study (Matsuda et al. submitted) that examined the relationship between the LGI and symptom severity mainly in a chronic schizophrenia cohort. This study was approved by the Committee on the Medical Ethics of Toyama University. After a complete description of the study was provided, written informed consent was obtained from all subjects.
Wisconsin Card Sorting Test
Executive function of a subgroup of schizophrenia patients (n = 28) was examined using the Modified Card Sorting Test (Nelson 1976) . The test requires subjects to sort cards on which various designs are printed to 1 of 4 target cards. Subjects are not furnished with information about how to make matches (sorting criteria are color, form, or number of design items), but only about whether each sort is correct or incorrect. Most subjects soon notice the correct sorting strategy based on this feedback. After the subject has made 6 consecutive correct matches, the sorting principle shifts without warning, thus necessitating mental flexibility.
We used the categories archived (CA), total errors, perseverative errors, and nonperseverative errors as clinical indices referring to executive function. CA values were log-transformed because they were not normally distributed (evaluated by the K-S test).
Image Acquisition
The subjects were scanned using a 1.5-T Magnetom Vision (Siemens Medical System, Inc., Erlangen, Germany) with a three-dimensional gradient-echo sequence FLASH (fast low-angle shots) yielding 160-180 contiguous T 1 -weighted slices of 1.0-mm thickness in the sagittal plane. The imaging parameters were as follows: repetition time = 24 ms; echo time = 5 ms; flip angle = 40°; field of view = 256 mm; and matrix size = 256 × 256 pixels. The voxel size was 1.0 × 1.0 × 1.0 mm.
Image Processing
The preprocessing of T 1 -weighted images was carried out using FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/) in accordance with a standard auto-reconstruction algorithm, which involved non-uniform intensity normalization, removal of non-brain tissue, affine registration to the Montreal Neurological Institute (MNI) space and Talairach transformation, and segmentation of gray/white matter tissue (Fischl 2012) . The reconstructed images were inspected visually, and any inaccuracy in tissue segmentation was edited manually by one trained investigator (D.S.) without knowledge of the subjects' identities.
The gyrification of the entire cortex was assessed continuously using the method of Schaer et al. (2008) , which is a vertex-wise extension of classical two-dimensional GI measurement that calculates the ratio of the pial perimeter over the outer perimeter on coronal sections (Zilles et al. 1988) . Briefly, the LGI was measured by iteratively quantifying the GI in spherical three-dimensional regions of interest (ROIs), where each ROI (radius = 25 mm) was defined on the convex hull of the brain and paired with the corresponding cortical surface. The LGI was calculated as the ratio of the convex hull surface area over the buried cortex surface area.
Statistical Analysis
Demographic differences between groups were examined with independent two-sample t-test or χ 2 test.
Each vertex-wise LGI measurement was mapped on a common spherical coordinate system (fsaverage) using a spherical transformation. Maps were smoothed using a 5-mm Gaussian kernel. A general linear model controlling for age and sex was used to estimate group differences in gyrification at each vertex, where the Query Design Estimate Contrast tool (QDEC) in the FreeSurfer program was used to generate the contrasts. Vertexby-vertex whole-brain LGI correlation analyses with clinical variables [WCST subscale scores (log 10 CA, total errors, perseverative errors, and nonperseverative errors), onset age, illness duration, medication (dose and duration), and total SANS/SAPS scores] were also conducted using a general linear model controlling for age and sex. For these analyses, Monte Carlo simulation implemented in the Analysis of Functional NeuroImages (AFNI)'s AlphaSim program was used to correct for multiple comparisons (Hagler et al. 2007 ). To define significant clusters, a total of 10 000 iterations of simulation were performed for each comparison using a threshold of P ≤ 0.05.
Results
Demographic Background
The controls had attained a higher level of education compared with the patients, but there were no significant group differences for age, gender, height, and parental education (Table 1) . b Two patients were medication free at the time of scanning.
c Different typical and atypical antipsychotic dosages were converted into haloperidol equivalents using the guideline by Toru (2008) . d Data missing for 2 patients.
e Twenty-eight patients (22 males and 6 females) were examined using the WCST.
f Analysis of covariance with age as a covariate was used for group comparison.
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|Group Comparison of LGI
Compared with the controls, the patients with first-episode schizophrenia had a significantly higher LGI in the bilateral superior frontal gyri, bilateral frontal poles, bilateral medial and lateral orbitofrontal cortices, bilateral rostral anterior cingulate gyri (ACG), left paracentral lobule, right rostral middle frontal gyri, right caudal anterior and posterior cingulate gyri, right lateral parietal cortices, and bilateral occipital regions ( Fig. 1 and Table 2 ). There were no regions that the patients had a significantly lower LGI compared with the controls.
When we included the whole gray matter volume, medication duration, and/or medication dosage as controlling factors, significant clusters were found in broader areas than in the original analyses for LGI group comparisons (see Supplementary Fig. 1 ). These results suggested that our gyrification results could not be explained only by cortical volume changes or effect of medication.
Relationship Between LGI and Executive Function in Schizophrenia Patients
In the statistical maps, log 10 CA values inversely correlated with LGI (i.e., lower log 10 CA was related to higher LGI) in a cluster including the superior frontal gyrus, rostral and caudal ACG, and rostral middle frontal gyrus in the right hemisphere [location of peak vertex: rostral middle frontal (Talairach coordinate = 38.7, 41.0, 24.0), cluster size = 5854.23 mm 2 , clusterwise probability P = 0.0001] (Fig. 2) . These clusters remained significant even when controlling for whole gray matter volume (see Supplementary  Fig. 2 ). Furthermore, these results remained essentially the same even after Bonferroni correction for multiple comparisons [P ≤ 0.0125 (0.05/4 comparisons)]. Other WCST subscale scores did not correlate with LGI in any region.
Relationship Between LGI and Other Clinical Variables in Schizophrenia Patients
Onset age was positively correlated with LGI in lateral brain regions bilaterally, whereas durations of illness and medication were negatively correlated with LGI in similar regions (Fig. 3) . Higher medication dose was broadly associated with decreased LGI predominantly in the right hemisphere. Total SAPS scores, but not SANS scores, were positively correlated with LGI in a cluster including the right temporal pole, insula, and parahippocampal gyrus.
Discussion
To the best of our knowledge, this is the first MRI study to use vertex-wise analysis of LGI to examine the gyrification pattern of the entire cortex and its relationship to WCST scores in first-episode schizophrenia patients. Schizophrenia patients had a widespread hypergyria pattern in medial and lateral frontal regions bilaterally as well as in parietal and occipital regions, supporting that schizophrenia is associated with neurodevelopmental abnormalities during fetal periods of cortical folding. The lower number of WCST CA in schizophrenia patients was related to hypergyria of the prefrontal region (especially the dorsolateral part) and ACG in the right hemisphere. Our findings suggested that aberrant neurodevelopment, especially in right frontal regions, may underlie executive dysfunction in schizophrenia patients, which is one of the core clinical features of the illness.
Gyrification Patterns in Schizophrenia Patients
The present full cortex analysis demonstrated an increased gyrification mainly in frontal cortices but also in parietal and occipital regions in first-episode schizophrenia patients, indicating that schizophrenia is associated with widespread brain pathological changes but characterized by prominent prefrontal cortex abnormalities (Goldman-Rakic and Selemon 1997). Our findings are in line with previous MRI (Narr et al. 2004; Falkai et al. 2007; Harris et al. 2007 ) and postmortem (Vogeley et al. 2000) findings of frontal hypergyria in schizophrenia patients. Because the gross cortical folding pattern is attributable to a large extent to neurodevelopmental processes during gestation (Armstrong et al. 1995; Zilles et al. 2013) , our findings suggested an early disruption of cortical maturation in schizophrenia patients.
Furthermore, abnormal frontal folding in high-risk subjects for developing psychosis (Harris et al. 2007; Lavoie et al. 2014) as well as in unaffected relatives of schizophrenia patients (Falkai et al. 2007 ) suggested its role as a stable vulnerability marker. However, several MRI studies, especially in chronic patients, have also reported hypogyria of frontal and other brain regions (e.g., Palaniyappan et al. 2011; Nesvag et al. 2014) . Given that first-episode patients are likely to exhibit hyper-or at least normal gyrification pattern (Nanda et al. 2014) , these inconsistent findings might be partly explained by changes in gyrification during the course of the illness. Indeed, our own data suggested a relationship between longer illness duration and lower LGI in broad brain areas. As discussed later, it is possible that several mediating factors (e.g., illness chronicity and medication) may also affect the gyrification index in schizophrenia patients after onset.
Putative Developmental Mechanisms of Cortical Folding and Schizophrenia
The mechanism involved in gyrification, which occurs predominantly during the third trimester of pregnancy (Armstrong et al. 1995) , remains poorly understood, but it might relate to multiple processes including early axonal connections, neuronal growth and differentiation, glial proliferation, synaptogenesis, and thalamo-and cortico-cortical connections (Toro and Burnod 2005) . For example, a tension-based model hypothesizes that axonal connections of closely associated gray matter regions Cerebral Cortex, 2017, Vol. 27, No. 4 1997) . Experimental evidence suggests that early disruption of afferent fibers leads to an increase in cortical folding possibly by modulating cortical growth (Goldman-Rakic 1980; Rakic 1988; Dehay et al. 1991) . Taken together with other models (e.g., Toro and Burnod 2005; Tallinen et al. 2014) , cortical folding patterns may reflect the underlying connectional characteristics of cortical regions. In combination with previous findings of functional dysconnectivity demonstrated by functional MRI (Lawrie et al. 2002; Honey et al. 2005 ) and diffusion tensor imaging (DTI; Burns et al. 2003; Kanaan et al. 2005) , our findings of hypergyria in first-episode schizophrenia patients may thus support the role of developmental processes related to cortical connections in the pathophysiology of the illness.
Gyrification and Executive Function in Schizophrenia Patients
We found that lower executive function measured by the WCST (especially fewer number of CA) in schizophrenia patients was associated with higher LGI predominantly in the right rostral middle prefrontal cortex (i.e., dorsolateral part) and ACG. Although McIntosh et al. (2009) found no relationship between prefrontal gyrification and executive performance in schizophrenia patients, a specific orbitofrontal sulcogyral pattern (Nakamura et al. 2007) or folding laterality in the ACG (Fornito et al. 2006 ) might relate to cognitive performance (e.g., working memory). A recent MRI study in healthy subjects demonstrated that greater frontal gyrification was related to better executive function (working memory and mental flexibility; Gautam et al. 2015) . There has been only limited evidence regarding cognitive correlations with a brain folding pattern, but the present and these previous findings implicate the functional relevance of cortical gyrification.
Our results are in line with early neuroimaging findings of the lack of normal activation of the dorsolateral prefrontal cortex (DLPFC) during WCST performance in schizophrenia patients, regardless of medication status [reviewed by Ragland et al. (2007) ]. More recent functional MRI studies have suggested that several cognitive components of the WCST differently activate various parts of the brain in both healthy subjects (Lie et al. 2006; Nyhus and Barceló 2009) and schizophrenia patients (Monchi et al. 2001; Wilmsmeier et al. 2010; Pedersen et al. 2012) : The DLPFC may have a central role in executive working memory operations, whereas the ACG seems to activate in relation to setshifting strategies or attention control. Furthermore, DTI and resting-state functional MRI studies have demonstrated that WCST deficits in schizophrenia patients are at least partly attributable to abnormal connectivity involving the DLPFC, which may play a central role in the neurointegration of related brain regions for executive functioning (Quan et al. 2013; Su et al. 2013) .
Frontal dysfunction, especially in the dorsolateral region, has been generally associated with both fewer number of CA and perseverative tendencies in WCST [reviewed by Nyhus and Barcelo (2009) ]. However, our findings and previous DTI study in schizophrenia (Quan et al. 2013) , which suggested that the CA but not perseverative error was associated with prefrontal abnormalities, might be consistent with the notion that poor WCST performance in schizophrenia is most characterized by low CA scores (Laws 1999) .
Despite inconsistent findings as well as individual differences in the laterality of the activation during the WCST (Sumitani et al. 2006) , our findings supported the specific role of the right frontal cortex in WCST performance for both controls (Lie et al. 2006 ) and schizophrenia patients Quan et al. 2013) . The reason for these lateralized results remains unclear, but the right hemispheric dominance of human attention (Posner and Petersen 1990; Pardo et al. 1991 ) might be relevant.
Gyrification and Clinical Variables in Schizophrenia Patients
Our finding of a significant relationship between longer illness duration (or earlier onset) and lower LGI may be partly consistent with a longitudinal MRI study by Palaniyappan et al. (2013) , who demonstrated a reduction in the frontal LGI over time during a first episode of schizophrenia. A relationship in the opposite direction [longer illness duration (or earlier onset) and higher gyrification] was also reported in temporal (Schultz et al. 2010 ) and pericentral/parietal (Nesvag et al. 2014 ) regions in schizophrenia patients, implicating that the effect of illness duration on the gyrification may differ across the cortex. Our results also suggested that antipsychotics might be associated with decreased LGI in schizophrenia patients. Previous gyrification studies showed no such relationship (Palaniyappan et al. 2011 (Palaniyappan et al. , 2013 Nesvag et al. 2014 ), but antipsychotic medication has a significant impact on brain morphology in schizophrenia patients (Tomelleri et al. 2009 ). Given that the LGI was positively related to cortical volume in healthy adults (Gautam et al. 2015) , our findings of an association study might partly reflect gray matter reduction related to illness chronicity and/or medication, but not changes in gyrification pattern itself.
In this study, the severity of positive symptoms was related to hypergyria in brain regions including the temporal pole, insula, and parahippocampal gyrus. In chronic schizophrenia patients, Nakamura et al. (2007) demonstrated the relationship between orbitofrontal sulcogyral pattern and symptomatology, especially for positive symptoms. Clinical symptoms of schizophrenia can be reversibly altered, while their brain folding patterns are considered to be more static. Hence, associations of regional gyrification with clinical symptoms should be interpreted with caution. Nevertheless, these results may be partly consistent with the notion that functional dysconnectivity in frontal and tempo-limbic regions is implicated in the generation of positive psychotic symptoms (Rotarska-Jagiela et al. 2010; Asami et al. 2013; Oertel-Knöchel et al. 2014) . As discussed by Nakamura et al. (2007) , these clinical associations might also reflect the relationship between abnormal cortical folding during early neurodevelopment and poor treatment response in schizophrenia patients.
Limitation
There are a couple of limitations of this study that should be taken in account. First, although cortical folding may be related to cognitive function in healthy adults (Gautam et al. 2015) , we were not able to examine whether the patients and controls had different gyrification-cognition relationships because of the lack of WCST data in our control subjects. Given that the present study was also limited by the relatively small number of patients who were assessed by the WCST, our main finding of a possible relationship between frontal gyrification and executive dysfunction in schizophrenia patients should be further tested in a larger cohort of both patients and controls. Furthermore, as schizophrenia patients are characterized by a broad range of cognitive impairments (Schaefer et al. 2013 ), possible relation between the brain morphology and other cognitive measures should be also tested in future. Second, this was a cross-sectional study, and most patients had been taking antipsychotics before scanning. As discussed above, inconsistent gyrification findings in schizophrenia may be at least partly explained by possible changes during the course of illness, which could affect the gyrification index. Thus, longitudinal MRI analysis in antipsychotic-naive patients would be required to further investigate the stability as well as mediating factors of gyrification in order to establish its role as a potential neurodevelopmental marker of schizophrenia patients.
Conclusion
Using entire cortex analysis, we found an increased LGI in frontal, parietal, and occipital regions in first-episode schizophrenia patients. This cortical feature may provide us with in vivo evidence of an early developmental abnormality in diverse cortical areas in schizophrenia patients. Our findings also suggested that executive dysfunction in schizophrenia patients might be related to aberrant gyrification during early neurodevelopment especially in the right frontal regions.
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